This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. To investigate the role of focal adhesion kinase (FAK)-mediated signaling in hypoxia-induced cardiac fibroblasts (CFs) differentiation and cardiac fibrosis post-myocardial infarction (MI) on a mice model. Methods: CFs of neonatal C57BL/6 mice were treated under normoxic, hypoxic, or hypoxic+PP2 (known as a Src kinase family inhibitor) conditions. Gene expressions of FAK, alpha-smooth muscle actin (α-SMA) and collagen type I alpha 1 (Col1α1), or α-SMA and vimentin levels were performed by RT-PCR and immunofluorescence staining, respectively. Thirty mice were surgically treated into Sham (n=7) and MI (n=23) groups; and FAK inhibitor PF-562271 was given to six survivor MI mice (as PF group, from 15 survivors). Heart function and collagenous tissues were examined by echocardiography, as well as by Masson's trichrome and Sirius red staining, respectively. Type I collagen, FAK protein, mTOR, ERK1/2, AKT, P70S6K and phospho-FAK levels were also analyzed. Results: FAK inhibition with PP2 significantly decreased CFs differentiation and collagen synthesis under hypoxia treatment. In vivo, PF-562271 treatment resulted in fibrosis attenuation; however, deteriorated heart function of MI mice could not be significantly improved. PF-562271 may affect phosphomTOR (p<0.05), phospho-ERK1/2 (p<0.01), phospho-AKT (p<0.001) and phospho-P70S6K (p<0.05) to exert its benefits. FAK can be activated either under hypoxia in CFs or MI in a mouse model to promote fibrosis. However, pharmacological inhibition of FAK can attenuate fibrosis response. Conclusion: This study provides novel evidence that FAK inhibition may become a promising pharmaceutical strategy to attenuate fibrosis post-MI.
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Introduction
Cardiac remodeling is an important pathological consequence with its dynamic and progressive features [1] . Fibrosis in post-myocardial infarction (MI), seen in both infarcted and non-infarcted myocardium, progressively impairs ventricular function and leads to poor prognosis [2, 3] . Despite a relatively sophisticated understanding of the cell biological processes of fibrosis development, there are still few effective strategies to prevent it; emphasizing a need for new insights into this disorder.
Focal adhesion kinase (FAK) is a 125-kDa non-receptor cytoplasmic tyrosine kinase, which is known to play a pivotal role in regulating cell migration, proliferation and survival in a range of cell types [4] [5] [6] . FAK has recently received attention as a potential mediator of fibrosis. Classically, FAK could mediate fibroblast attachment to extracellular matrix (ECM). Moreover, it is also involved in transducing signals from growth factors [7] . Previous studies have demonstrated that FAK downstream signaling is involved in two primary pathways that involve fibrosis [8] [9] [10] [11] . Phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) signaling pathway is known as a target of rapamycin/S6 kinase (mTOR/S6K) complex, while extracellular signal-regulated kinase 1/2 (ERK1/2) signaling pathway is one of mitogenactivated protein kinase (MAPK) signaling pathways; both play a role in c-Jun N-terminal kinase (JNK) phosphorylation. Previous studies in animal models have shown various FAK mechanisms and functionalities such as in the lungs and heart, with contradiction [7] . FAK plays a critical role in myocyte survival and increases cardiac fibrosis during hypertrophy or ischemia/reperfusion (I/R) period in myocyte-restricted FAK conditional knockout mice [8, 9] . Fibrosis attenuations and collagen content in overloaded left ventricle were observed by siRNA-induced-myocardial FAK silencing [10] ; and enhanced cardiac FAK activity could not induce cardiac fibrosis from I/R injury [12] . Therefore, a comprehensive investigation is warranted on such an important active molecule in fibrosis formation.
We previously reported [13, 14] that FAK is involved in atrial fibrosis, and FAK inhibition suppresses α-SMA expressions in TGFβ1-induced fibroblasts, which is crucial in the appearance of cardiac fibrosis. Therefore, it seems reasonable to postulate that FAK inhibition could be a therapeutic target in counteracting pro-fibrotic mechanisms, given that fact that FAK participates in the pathophysiology of fibrosis.
In the present study, we used primary cardiac fibroblasts (CFs) and established an MI animal model of cardiac fibrosis to test our hypothesis that FAK participates in the processes of hypoxia induced-and post-MI cardiac fibrosis in vitro and in vivo, respectively. In addition, pharmacologic inhibition of FAK on cardiac fibrosis with its regulation of relevant signaling pathways was investigated.
Materials and Methods
The present study with its experimental design was approved by the Ethics Committee of the Chinese Academy of Medical Sciences and Peking Union Medical College (No. 201304-M-90-YJSH). Animal care and experimental procedures were conducted in accordance with the European Guidelines on Laboratory Animal Care. Eight-to ten-week-old C57BL/6 wild-type mice (male only) were used in this study. Animals were housed in temperature-controlled facilities on a 12-hour light/dark cycle with normal diet.
MI was induced by permanent left anterior descending (LAD) coronary artery ligation (CAL). Mice were anesthetized by intraperitoneally administering 320 (±40) mg/kg of tribromoethanol (20 mg/ml in saline solution). Surgical procedures were as follows: briefly, after intubation, left lateral thoracotomy was performed at the fourth intercostal space; a 7-0 polypropylene suture was then placed around the left anterior descending artery just below the atrioventricular border. Ischemia was evident from discoloration of the infarct artery-related area. As non-infarcted controls, mice underwent sham operation where the ligature around the LAD was not tied. Animals were recovered from anesthesia under warm conditions with normal ventilation.
Four weeks after MI, animals were sacrificed and hearts were harvested for further analysis. To evaluate cardiac function and morphology, echocardiography was performed before tissues were harvested.
Pharmacological approach that specifically targets the fibrogenic process was introduced with PF-562271 (obtained from Selleck Chemicals, Houston, TX); which is a novel, ATP-competitive, reversible FAK (and Pyk2) inhibitor. At the 7 th day of post-MI, an employed dosage of PF-562271 (15 mg/kg body weight in 0.2 ml of 0.5% methylcellulose) was orally given to experimental animals on a daily basis over a period of 21 days.
Echocardiography of sedated mice was carried out using a Vevo 770 high resolution imaging system (VisualSonics, Toronto, Canada) equipped with a 40 MHz transducer. Three independent M-mode measurements per animal were performed by an experienced examiner. Echocardiographic data were recorded at heart rates between 450 and 550 BPM. The following parameters were obtained in the short axis at the papillary muscle level: end systolic and end diastolic chamber diameters, and left ventricular fractional shortening. An anatomic M-mode measurement would be chosen when the heart was rotated at a position of adhesion to the chest wall, to reveal the real diameter.
CFs were isolated from hearts of two-to four-day-old neonatal C57BL/6 mice and cultured as described previously [15] . Briefly, the heart was sliced and tissues went through enzymatic digestion. Myocardial cells were wiped off; and primary cells were purified and maintained in Dulbecco's Modified Eagle's Medium (DMEM, Invitrogen) containing 10% fetal bovine serum (Invitrogen), penicillin (100 U/ ml) and streptomycin (100 μg/ml). Trypsin-EDTA solution (0.05%) was used for sub-culturing fibroblasts and third-generation cells were used for experiments. Cells were starved for three hours prior to treatment.
FAK/Src inhibitor PP2 (Calbiochem, USA) was chosen in the in vitro experiments based on its solubility and our previous report [15] . CFs were treated as follows: first, according to our previous protocol on hypoxia treatment [16] , cells in hypoxia and hypoxia+PP2 groups were cultured in a hypoxic GENbox jar fitted with a catalyst (Bio-Me´rieux) to scavenge free oxygen; second, cells were pretreated for one hour and with PP2 (5 μM) for 24 hours before hypoxia was applied; third, cells were cultured in dishes or glass coverslips for RT-PCR analysis or immunofluorescence staining, respectively.
Cells grown on glass coverslips were stained as described previously [15] . Briefly, fibroblasts were rinsed with PBS and fixed in 4% formaldehyde for 10 minutes; then, washed three times in PBS and permeated with 0.2% Triton X-100 for 10 minutes. Washing was repeated and coverslips were blocked by 5% BSA blocking buffer for 30 minutes. Anti-α-SMA (1:400, Abcam, Hong Kong, China) and Anti-vimentin (1:1000, Abcam, Hong Kong, China) were applied to cells; then, cells were incubated overnight at 4 °C. Coverslips were washed three times in PBS and treated with secondary antibodies for 45 minutes at room temperature; anti-α-SMA and anti-vimentin were labeled with fluorescein (FITC)-conjugated IgG (1:400, Santa Cruz) or rhodamine (TRITC)-conjugated IgG (1:400, Santa Cruz), respectively. Nuclei was stained by 4',6-diamidino-2-phenylindole (DAPI). After slides were mounted in glycerol, cells were analyzed under a Leica TCS-SP5 Confocal Laser Scanning Microscope (Leica, Germany).
Total RNA of CFs was extracted with Trizol. Briefly, extracted samples (1-2 μg) were reverse transcribed (Fermentas k1622 kit); and cDNA samples were amplified by PCR (KAPA SYBR® rapid quantitative PCR kit, KK4600) using specific primers against FAK (sense, 5'-TCC ACC AAA GAA ACC ACC TC-3'; antisense, 5'-ACG GCT TGA CAC CCT CAT T-3'), α-SMA (sense, 5'-AGG GAG TGA TGG TTG GAA TG-3'; antisense, 5'-GAT GAT GCC GTG TTC TAT CG-3') and Col1α1 (sense, 5'-ATC TCC TGG TGC TGA TGG AC-3'; antisense, 5'-GCC TCT TTC TCC TCT CTG ACC-3'). GAPDH (sense, 5'-ACA GCA ACA GGG TGG TGG AC-3'; antisense, 5'-TTT GAG GGT GCA GCG AAC TT-3') was used as loading control. The procedure was carried out under the following conditions: incubation at 95 °C for three minutes, followed by denaturation at 95 °C for three minutes; then, annealing and extension at 60 °C for 20 seconds. A negative control was also included in each experiment.
Hearts were harvested, weighed, washed in phosphate-buffered saline, fixed in 4% paraformaldehyde overnight and embedded in paraffin. For Masson's trichrome staining (Leagene, Beijing, China.) or Sirius red staining (Leagene, Beijing, China.), each paraffin-embedded heart was cut into 4 or 8 μm thick sections, respectively; and procedures were mainly based on manufacturer's instructions. Each section was imaged under a microscope (Leica, DM600 B). Fibrosis was calculated by computerized planimetry using ImageJ software, version 1.44 (NIH, Bethesda, MD, USA).
Paraffin embedded 4 μm sections were stained for α-SMA, Collagen-I (Col-I) and phospho-FAK analyses. Slides were incubated sequentially with anti-Col-I primary antibody (1:1000, Abcam, Hong Kong, China). Then, sections were stained with goat anti-rabbit secondary antibody (ZSGB-BIO, Beijing, China), incubated with 3,3'-diaminobenzidine (ZSGB-BIO, Beijing, China) and evaluated for adequacy using a standard bright field microscope. Anti-α-SMA (1:400, Abcam, Hong Kong, China) and anti-phospho-FAK(1:500, Bioworld, Shanghai, China) primary antibodies were incubated and pre-labeled with fluorescein (FITC)-conjugated IgG (1:400, Santa Cruz) or rhodamine (TRITC)-conjugated IgG (1:400, Santa Cruz) were used, respectively. Nuclei was stained by 4',6-diamidino-2-phenylindole (DAPI). Slidces were then examinanalyzed under a Leica TCS-SP5 Confocal Laser Scanning Microscope (Leica, Germany).
Total tissue protein was obtained from the border zone of left ventricular myocardial tissues; cellular protein was obtained from the treated cardiac fibroblasts. Tissue or cell lysates were electrophoresed, separated on 10% or 15% SDS-PAGE and transferred onto PVDF membranes (Merck Millipore, Billerica, MA, USA). Membranes were blocked with 5% skim milk at room temperature for one hour; then, incubated overnight on a horizontal shaker at 4 °C with primary antibodies, including rabbit anti-Akt (1:1,000; CST, Shanghai, China), rabbit anti-phospho-Akt (1:1,000; CST, Shanghai, China), rabbit anti-FAK (1:1,000; CST, Shanghai, China), rabbit anti-phospho-FAK (1:1,000; CST, Shanghai, China), rabbit anti-mTOR (1:1,000; CST, Shanghai, China), rabbit anti-phospho-mTOR (1:1,000; CST, Shanghai, China), rabbit anti-P70S6K (1:1,000; CST, Shanghai, China), rabbit anti-phospho-P70S6K (1:1,000; CST, Shanghai, China), rabbit anti-ERK1/2 (1:1,000; CST, Shanghai, China), rabbit anti-phospho-ERK1/2 (1:1,000; CST, Shanghai, China) and rabbit anti-GAPDH (1:10,000; CST, Shanghai, China). Membranes were incubated for two hours with goat anti-rabbit antibody (ZSGB-BIO, Beijing, China; 1:5,000 or 1:10,000) stained with ECL detection reagents (Amersham Pharmacia Biotech). Results were detected in a densitometric detection system (Bio-Rad) and expressed as density values normalized to GAPDH.
All data are presented as mean ± standard deviation (SD). Statistical analysis was performed using One-way ANOVA followed by Bonferroni's test to compare multiple groups, and two-tailed Student's t-test to compare means of the two groups. Statistical analyses were performed using software Graphpad Prism 5.01. Differences with p<0.05 were considered significant.
Results
A total of 30 mice randomly received surgical treatment; seven mice were used as sham control and 23 mice were for CAL. One week after surgery, 15 mice with CAL treatment survived and were randomly divided into two groups; six mice were orally given PF-562271 (PF group) and nine mice were orally given methylcellulose (as control in MI group).
Four mice died of uncontrollable bleeding or pneumothorax during CAL surgery and two mice died of cardiac rupture or heart failure within the first week of post-surgery, as st day after PF-562271 administration; (n=3). (B) Densitometric analysis of blots for determining phosphorylated and total protein ratio showed significant increase of phosphor-FAK in the MI group, and was markedly decreased in the PF group; *** evidenced by autopsy. During pharmacologic administration, two mice died of heart failure in the MI group and none died in the PF group. Heart and body weight ratio of MI mice (5.29 ± 0.28) significantly increased compared with the sham group (4.32 ± 0.15, p<0.001), supporting the establishment of a hypertrophy heart with the MI model.
During the three-week pharmacologic administration period, mice in the MI group (received 0.5% methylcellulose) and PF group (received PF-562271 mixed with 0.5% methylcellulose) presented no appearance and life pattern differences. At the end of treatment, heart tissue phosphorylated FAK was analyzed by Western Blot. Results showed a significantly higher expression in the MI group than the Sham group (p<0.001), and a markedly lower expression in the PF group compared with the MI group (p<0.001) (Fig. 1, A  and B) , indicating the effective inhibition of FAK activation with PF-562271 treatment.
As determined by immunofluorescence staining, FAK could be stimulated through MI. Concurrently, after a 21-day treatment with FAK inhibitor PF-562271, p-FAK expression significantly decreased in both cardiomyocytes and myofibroblasts at of the infarct border zone (Fig. 1C) .
At the 4 th week post-CAL (after three weeks of pharmacologic administration), echocardiography analysis was carried out for each mouse in all groups (Table 1) . Suffering from CAL, mice showed significantly increased heart rates (p<0.05). Diastolic left ventricular anterior wall (LVAW), left ventricular internal dimension (LVID) and left ventricular volume were significantly different between the MI and control groups (p<0.001, p<0.001, p<0.05, Tissues were harvested and weighted after echocardiography (Table 1) . Increased heart or lung mass was shown with CAL (comparing MI group with Sham group, p<0.01), especially when heart weight was adjusted with body weight (p<0.001), indicating deteriorated cardiac function; while FAK inhibition did not bring out any significant change in all aspects of measurements or significant improvement of heart function (comparing PF group with MI group).
At the 4 th week of CAL treatment, moderate infarcted area was observed in MI and PF groups by Masson's trichrome staining (Fig. 3A) . However, fibrotic tissues significantly increased in the MI group, especially interstitial fibrosis surrounding myocytes. After FAK inhibition, fibrotic tissues at the border zone were fewer in the PF group than in the MI group. Sirius red staining for tissue collagens that reflected at polarized light performance resulted in the same conclusion (Fig. 3B) , both of type I and III collagen could be detected in MI group, but less type III collagen in PF group.
Immunohistochemistry analysis has shown a markedly increased expression of Col-I at extracellular matrix at the border zone, comparing the MI group with the control group (Fig. 3C) ; suggesting that Col-I, a fibrosis condition marker, stimulated synthesis by MI. After 4-week treatment of FAK inhibitor PF-562271, Col-I expression significantly attenuated (p<0.01).
CAL surgical treatment significantly increased activated FAK, phosphorylated mTOR, AKT (ser473), P70S6K and ERK1/2 expressions assessed by Western Blot (Fig. 4) . However, FAK (p<0.01), AKT and P70S6K (p<0.01 and p<0.001, respectively), and ERK1/2 (p<0.05) expressions could be suppressed at the 28 th day of post-MI pharmacological intervention with PF-562271.
As we previously tested, PP2 could also significantly decrease activation of FAK by hypoxia treatment (Fig. 5A ) in vitro. After hypoxia treatment with PP2 intervention, cells were fixed and immunofluorescence stained (Fig. 5B) . Hypoxia induced α-SMA and vimentin st day after PF-562271 administration (n=3). Densitometric analysis of blots for determining phosphorylated to total protein ratio showed a significant increase of relevant proteins in the MI group, and markedly decreased in the PF group; * p<0.05, ** p<0.01, *** p<0.001.
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry expressions, indicating that fibroblast differentiation occurred. However, their expressions were reduced by FAK inhibition with PP2; which was indicated by lower fluorescence intensity in the hypoxia+PP2 group than in the hypoxia group. FAK, α-SMA and Col1α1 gene expressions were analyzed by RT-PCR; and revealed that expressions in both hypoxia and hypoxia+PP2 groups under hypoxia increased compared with the control group. PP2 treatment could significantly suppress FAK (p<0.001), α-SMA (p<0.05) and Col1α1(p<0.05) RNA expressions (Fig. 5C) . , and hypoxia+PP2 groups were tested by Western blot with specific primary antibodies after PP2 treatment in cardiac fibroblasts; (n=3). (B) Immunofluorescence expression of cardiac fibroblasts. Fibroblasts treated with anti α-SMA showed a blue-stained nucleus and anti-vimentin showed a red-stained cytoplasm, after exposure to hypoxia with or without PP2 treatment for 24 hours (bar=25 µm). (C) RT-PCR analysis on cardiac fibroblasts: note that 24-hour hypoxia treatment significantly induced high FAK, α-SMA and Col1α1 expressions. FAK inhibition with PP2 markedly decreased this induction; * p<0.05, ** p<0.01, *** p<0.001.
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Discussion
Previous studies, including ours [10, 13, 14] , indicated that FAK is important in cardiac fibrosis formation. Herein, we developed a strategy to target FAK by pharmacological intervention and demonstrated that transient FAK inhibition can attenuate cardiac fibrosis by inducing a 4-week CAL on mice models.
It is well known that FAK is dispensable for basal myocyte function and mediates fibrosis response in various diseases; several studies demonstrated a beneficial consequence by inhibiting its expression under pathological conditions [17] [18] [19] .
However, the role for FAK in cardiac fibrosis is still controversial. Research is mainly carried out in myocyte restricted knockout mice or small interfering RNA transient silencing; Peng et al. and DiMichele et al. both used FAK myocyte restricted knockout mice in their reports [8, 20] . At cardiac hypertrophy conditions, FAK deletion in cardiac myocyte could predispose a premature maladaptive remodeling with increased cardiac fibrosis. In Dr. Taylor's laboratory [9, 12] , no significant changes were found on cardiac fibrosis in I/R models, either on FAK activation or inactivation treatment solely in cardiomyocytes. However, prediction of relational pathological fibrosis and detrimental cardiac remodeling was evident even when FAK was knocked out strictly in cardiomyocytes. On the contrary, comprehensive effects were demonstrated by Dr. Clemente and colleagues [10] , revealing the fact that myocardial FAK silencing, in contrast to myocyte-restricted knockout, may attenuate and even reverse fibrosis development in a load-induced cardiac hypertrophy mice model, demonstrating that FAK inhibition in global area of the heart may play a vital role in that condition [15] .
Given the pivotal role of FAK in fibroblast activation, pharmaceutically targeting FAK actions may be feasible in counteracting fibrosis. Based on our previous discoveries [19] , in this present study, we developed a hypoxic model and tested it on CFs. Cell differentiation was markedly stimulated under ischemic and hypoxic conditions, demonstrated by high α-SMA and vimentin expressions; and FAK inhibition with PP2 could suppress this phenotype alteration, as well as collagen synthesis. Among pharmaceutical options, PF-562271 has been shown to effectively inhibit FAK activation in vivo [21] [22] [23] . Our results are fully in agreement with the results demonstrated by Pascual et al. [19] ; wherein, pharmacologic FAK inhibition by PF-562271 could suppresse the activation of FAK in both cardiomyocytes and myofibroblasts, and attenuate cardiac fibrosis post-MI, paralleling with down-regulation of its relevant signaling pathways, including mTOR, AKT/ P70S6K and ERK1/2 (Fig. 6) .
We previously reported that AKT/S6k was involved in CFs differentiation induced by TGF-β stimulation in vitro, and not the ERK1/2 signaling pathway; which was confirmed by FAK inhibition with FAK/Src kinase inhibitor PP2 and other related inhibitors [14] . This current in vivo study has shown an unexpected result; wherein, both AKT/S6k signaling and ERK1/2 participated in this procedure, in addition to mTOR involvement [24] . We believe that a more complex environment exists in vivo, cell differentiation may not be solely stimulated by TGF-β, and other mechanisms could also influence relevant protein expressions in MI animal models. This present study might contribute to our new knowledge on cellular pathway activation.
It is interesting that associated heart functions did not show significant improvement, even though FAK inhibition resulted in a reduced level of fibrosis post-MI. Cardiac remodeling is well known to be developed in time and in a special-dependent basis [1] ; which is closely associated with collagen accumulation, as well as a balance between collagen synthesis and degradation, both in infarcted and non-infarcted myocardium. In this present study, increased collagen expressions in the MI process was evidenced, which can be a response to ischemia and hypoxia; while FAK inhibition could suppress collagen expressions and fibroblast differentiation [25] . Heart function usually deteriorates with MI progression; however, 21 days of FAK inhibition might not be able to sufficiently attenuate or reverse interstitial fibrosis, as previously suggested [10] . Herein, it may be expected that a longer intervention could bring in more beneficial outcomes that show heart function recovery. In addition to our discoveries from the present study, we have established a moderate infarction model, which triggered fibrotic processes without seriously damaging heart function. This model may have potential for studying the efficacy of pharmaceutical FAK inhibition in improving heart function after MI.
The main limitation of this study may be lack of the group of Sham+PF-562,271, although it has been declared to be innocuous to normal organs [26] , and a relatively short period of time was chosen for the study, as the course of MI involves complicated mechanisms with multiple regulators. We might also not be able to obtain more sophisticated cardiac measurements due to limited functionality of the ultrasound instrument used in the experiments. A study with a longer time period that focuses on different time points is currently being undertaken in our laboratory to uncover diverse connections among relevant proteins involved in signaling pathways.
FAK functions as a mediator in cardiac fibrosis post-MI and is involved in many signaling pathways (Fig. 6) . By pharmacologically targeting inhibition of PF-562271, cardiac fibrosis could be attenuated within a 4-week observation post-MI; although heart function did not significantly improve during the period. Both AKT/P70S6k and ERK1/2 signaling pathways are involved in CFs differentiation, and these results support the notion that FAK inhibition would be an optional strategy to attenuate fibrosis post-MI, and its beneficial role still need to be explored.
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